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Previewsbe surmounted through the use of
hiPSCs, which would permit autologous
transplants of mucosal epithelia. In vitro
differentiation of hiPSCs into intestinal
epithelium was first shown by Spence
et al. (2011). In their study, Fordham
et al. successfully derived intestinal
spheroids from hiPSCs. Although these
hiPSC-derived intestinal cells need to be
further investigated to confirm their dif-
ferentiation potential into adult colonic
crypts, there is no doubt that these
studies surmount a major translational
roadblock and that this approach has
potential clinical utility.
Together these papers raise several
points for future investigation, including
the relation between stem-cell-based pro-
grams of development and injury repair. In
contrast to the results obtained with early
fetal spheroids highlighted here, accentu-
ation of Wnt signaling in cultures of adult
intestinal epithelium can also create
spheroids that are enriched in stem cells
(Sato et al., 2011; Miyoshi et al., 2012).
Adult spheroids evoke similarities to
epithelial stem cells undergoing robust
expansion in vivo during intestinal wound
healing and, though this must be con-
firmed, it appears that these stem-cell-638 Cell Stem Cell 13, December 5, 2013 ª2based responses to injury do not recapitu-
late programs of very early development.
The studies of Mustata et al. and Fordham
et al. will greatly assist in understanding
these distinct processes and could pro-
vide insight into cancer biology. Over
80% of human colon tumors lack func-
tional adenomatous polyposis coli (APC)
protein, which results in robust activation
of Wnt signaling. However, a subpopula-
tion of human colon tumors harbors
R-spondin gene fusions instead of APC
mutations (Seshagiri et al., 2012), and the
growth of these tumors may depend on
R-spondin rather than Wnts. It would be
interesting to see if cells within these
tumors have transitioned to the early
developmental stage described in Mus-
tata et al. and Fordham et al. and thus
have reduced requirements for canonical
Wnt signaling. Further deciphering why
earlyprenatal epithelial cells donot require
Wnt will be an important area of investiga-
tion and may provide further insight into
cancer biology and intestinal repair.REFERENCES
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Although previous reports suggested that canonical Wnt signaling has opposing effects on epidermal and
hair follicle stem cells, two recent papers (Choi et al., 2013; Lim et al., 2013) now show that Wnt signaling
promotes proliferation in both stem cell populations, revealing new insights into regeneration of both skin
compartments.The periodic regeneration of the hair
follicle contrasts with the ongoing require-
ment to replace the sloughed layers of the
interfollicular epidermis (IFE), and it has
therefore been postulated that distinct
regulatory mechanisms must control
stem cell reconstitution of these two com-
partments. Until recently, the phenotypes
resulting from inactivation of beta-catenin(Ctnnb1) throughout the skin epithelium
seemed to support this idea (Huelsken
et al., 2001). Hair follicles from these
mice failed to regenerate, and putative
stem cells were lost over time while the
interfollicular epidermis was hyperproli-
ferative. This phenotype along with other
work demonstrated that canonical Wnt
signaling activates follicular stem cellsand is required for the differentiation of
their progeny. However, the apparently
opposite effect on epidermal stem cells
has remained controversial, in part
because Wnt signaling was not detected
in the epidermis, and in part because
any perturbation that disrupts the integrity
of the skin’s barrier function may lead to a
hyperproliferative regenerative response
Figure 1. Stem Cells in the Skin
Epidermal stem cells (purple) generate the superficial layers of the epidermis.
Follicular stem cells (dark blue) include the comparatively quiescent bulge cells
and the secondary germ cells that regenerate the follicle and abut the dermal
papilla (yellow). Insets diagram autocrine Wnt signaling in the epidermis
(above) and hair follicle (below). In the hair follicle, Wnts expressed by the
stem cells coordinate activation of both stem cells and their niche. In the
epidermis, Wnt inhibitors expressed by suprabasal layers may suppress Wnt
signaling to regulate stem cell activity.
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Previewsin the epidermis. It seemed
possible that expansion of
the epidermis in such models
was an indirect consequence
of inflammation or barrier
disruption caused by degen-
eration of the follicle. To
address these discrepancies,
two recent papers, one in this
issue of Cell Stem Cell (Choi
et al., 2013) and another in
Science (Lim et al., 2013),
employed cell-type-specific
genetic manipulation and
clonal analysis to provide
new insight on the role of
Wnt signaling in regenerative
replacement in the skin.
‘‘Epidermal stem cell’’ and
‘‘follicular stem cell’’ are
applied in the literature to
varying and overlapping sub-
sets of cells in the context of
evolving models of skin stem
cell biology. In the epidermis,
it was proposed that the basal
epidermis was composed
of distinct stem cells sur-
rounded by ‘‘transit ampli-fying (TA) cell’’ progeny committed to dif-
ferentiation and reconstitution of the
upper layers of the skin (Potten, 1975).
Lim et al. extend and confirm an analysis
of clone dynamics that disputes this
model of epidermal stem cells and instead
supports the functional equivalence of
most basal cells in the epidermis (Lim
et al., 2013; Clayton et al., 2007). Changes
in the distribution of clone sizes and
composition over time fit a mathematical
model that assumes an equivalence be-
tween basal cells rather than a model
that assumes two sets of clones derived
from distinct stem and TA cells. Here,
and in both papers discussed, the term
‘‘epidermal stem cell’’ refers to most ker-
atinocytes in the basal layer of the skin
rather than a hypothetical rare stem cell
at the base of this lineage (Figure 1).
In the hair follicle, relatively quiescent
cells in the follicular bulge were pro-
posed as stem cells of both follicle and
epidermis (Fuchs et al., 2001). Experi-
mental analysis in vivo has undermined
the model in which follicular regeneration
is initiated by asymmetric division of
the ‘‘bulge stem cell’’ that generates TA
cells of more restricted potential. ‘‘Bulge
stem cells’’ are not the source ofepidermal stem cells during normal
homeostasis (Levy et al., 2005), their
activation is not the initial step in follicle
regeneration, and the cells themselves
are not required for follicular regenera-
tion (Rompolas et al., 2013). The cells
in the secondary germ are often consid-
ered a TA population subordinate to
bulge stem cells (Figure 1). However,
analogous to the situation in epidermis,
basal cells throughout the lower follicle
appear to exhibit a functional equiva-
lence of intrinsic properties, although
their activity is influenced by their local
environment.
Millar’s group selectively deleted either
beta-catenin or Wntless (Wls), a gene
required for secretion of Wnts, in the
bulge and secondary germ of the hair
follicle. This, as well as blockade of Wnt
signaling by expression of Dkk1, showed
that canonical Wnt signaling is not directly
required formaintenance of follicular stem
cells, but is required for activation of the
secondary germ cells to regenerate the
follicle.
Whether Wnt signaling had an opposite
effect in epidermal stem cells remained
unclear. Both of the new papers demon-
strate that a direct role for canonical WntCell Stem Cell 13, December 5,signaling in suppressing
epidermal stem cell activity
suggested by the beta-cate-
nin and Wls deletion studies
(Myung et al., 2013) is plau-
sible. They detected a low
level of beta-catenin-medi-
ated transcriptional activity
in these cells. However, the
Dkk1-mediated suppression
of Wnt signaling reduced pro-
liferation in epidermis rather
than promoted it. Deletion of
beta-catenin in hairless skin
also caused decreased prolif-
eration, suggesting that the
hyperproliferative pheno-
types might result from follic-
ular degeneration. Both
groups exploited the expres-
sion of Axin2, a Wnt respon-
sive gene, in the IFE to delete
beta-catenin selectively in
epidermis without disrupting
hair follicles. Axin2-creERT2
is not a perfect tool. The
target gene is also deleted in
other tissues and impairs
the health of the animal.However, the Millar group confirmed that
the effect was specific to stem cells that
could not activate the canonical Wnt
pathway by comparing proliferation
between regions with or without beta-
catenin in back skin of the same
mosaicly deleted animals. Based on the
similarity in behavior of clones labeled
with Axin2-creERT2 compared to
randomly induced clones, Lim et al.
concluded that Wnt signaling does not
alter the likelihood of self-renewal or dif-
ferentiation, thereby dismissing another
trivial explanation that the stem cells had
all differentiated.
Thus the groups come to the same
conclusion, that Wnt signaling promotes
proliferation of stem cells in both com-
partments, similar to that observed in
other epithelia. In the hair follicle, coordi-
nated activation of Wnt signaling in the
secondary germ and its dermal niche,
the dermal papilla, is required for regener-
ation (Figure 1). The more sensitive detec-
tion of Axin2 expression also reveals a low
level of activity in the superficial dermis.
This finding might explain the observation
that deletion of Wls results in epidermal
hyperproliferation (Myung et al., 2013).
Perhaps this proliferation is also an2013 ª2013 Elsevier Inc. 639
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Previewsindirect result of inflammation, but it is
also possible that epidermal stem cells
can regulate their niche through Wnt
expression. In this feedback model, a
dearth of epidermal stem cells mimicked
byWls deletion would decrease signaling
to the IFE niche, which would in turn pro-
mote a hyperproliferative epidermal
response to repair the defect.
The hair follicle is used to study the pe-
riodic and coordinated activation of stem
cells. Both the stem cells and their niche
integrate signals originating from each
other, surrounding follicles, and other
cell types in the skin and beyond to
orchestrate replacement of the hair coat
(Plikus et al., 2011). Millar and colleagues
show that when released from blockade640 Cell Stem Cell 13, December 5, 2013 ª2of Wnt signaling, hair follicles rapidly
reenter the growth phase. This novel
approach to freezing the stem cells and
their niche in an arrested, early activation
state may prove helpful in the effort to
identify other signals that regulate regen-
eration in this system.REFERENCES
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Regenerative mechanisms involving either stem cell differentiation or dedifferentiation of mature cells
have been described in various systems, but the relationship between such disparatemechanisms is unclear.
Two recent papers, one by Sandoval-Guzma´n et al. (2013) and one by Tata et al. (2013), address fundamental
questions about the universality of reparative regeneration and whether mammals share any properties
seen in lower vertebrates.If the ability to regenerate complex
tissues such as the heart or the limb has
evolved once, why should it not be
retained throughout evolutionary time?
At a fundamental level, we assume that
developmental and regenerative mecha-
nisms are indeed universal. This expecta-
tion allows us to use zebrafish or chick
embryos to understand human develop-
mental disorders or reveal the mecha-
nisms of limb regeneration in salaman-
ders and cardiomyocyte regeneration
in zebrafish for direct application to
humans. Two recent papers, one by
Sandoval-Guzma´n et al. (2013) and one
by Tata et al. (2013), explore the underly-
ing regenerative processes in mice and
salamanders and provide insight into
shared and unique regenerative mecha-
nisms in these two different systems.They approach the question of whether
proliferative cells that provide the raw
material for regeneration arise from a
population of resident stem cells or from
dedifferentiation of mature cells.
Significant advances have been made
in understanding the cellular strategies
used during reparative organ regene-
ration, which occurs with ease in sala-
manders such as axolotls and newts.
Following amputation of the limb, for
example, the epidermis rapidly heals
the wound and underlying mesodermal
cells accumulate to form a structure
known as the blastema, which resembles
a limb bud. The blastema proliferates
and replaces the missing tissue by redif-
ferentiation. The key to this type of repar-
ative regeneration is the generation of
proliferating mesodermal cells, whicharise by a process of dedifferentiation
whereby fully differentiated cells shed
their characteristic genetic program of,
for example, myosin synthesis or
collagen synthesis and return to an undif-
ferentiated, stem-cell-like state and
begin to proliferate. This process is
readily observable histologically and in
muscle was well established by earlier
electron microscopic observations (Hay,
1959) where multinucleate myofibers
could be seen fragmenting into single
cells and entering the blastema. The
dedifferentiation, fragmentation, and pro-
liferation of newt muscle fibers is also
readily seen in vitro (Tanaka et al.,
1999) and when fluorescently labeled
newt myotubes are implanted into a
blastema their progeny can be seen in
regenerated tissues, demonstrating the
